Introduction
Transition-metal complex phosphates have found widespread practical applicationsa se lectrode materials in Li-ion batteries (LIBs). [1, 2] Currently,t his family of compounds is under extensive investigation to create next-generation cathode materials for sodium-ion batteries (NIBs) [2] [3] [4] [5] anda symmetric solid-state supercapacitors. [6] Sodium-ion batteries (NIBs) generally exhibit lower theoretical capacity and cell potential than LIBs. At the same time, sodium is cheaper,n ontoxic, and more abundant than lithium. As ar esult,N IBs have recently attracted increasing research interest. In particular,anumber of open 3D-framework phosphates of NASICON( NAtrium Super Ionic CONductor) [2, 4, 5] and olivine-type [3] [4] [5] structures, several fluorophosphates, [5, 7] and layered 2D-frameworkp hosphates [e.g. M I 4 M II 3 (PO 4 ) 2 P 2 O 7 mixed-anionic compounds] [8, 9] were proposed as bases for cathode or anode materials with stable cyclic characteristics. Among these materials,t he best battery performance was observed for NASICON-type structures due to their high sodium conductivity and good stability in redox reactions. [2] The composition of polyanionic compounds with the langbeinite-type structure is very similart ot he composition of NASICON-type ones, and this is why langbeinite-type compounds are also considered possible new hosts for electrode materials. [10] The general compositiono fc ompounds comprising phosphates of alkali and multivalentm etals with NASICON-type structures can be characterizedb yt he following formula: M I x Z 2 (PO 4 ) 3 (M I = Li, Na;Z= aliovalent metal or metals; x = 1.0-4.0). The structurei sb uilt up by at hree-dimensional framework of ZO 6 octahedra and PO 4 tetrahedra sharing all the oxygen vertices;t he [Z 2 (PO 4 ) 3 ]u nit stands out as ac onstitutional block of the framework.W ithin the framework, the alkali metal may occupy two sites:M 1( special position) or M2 (general position that can remain partially or completely vacant). The general compositiono fM I x Z 2 (PO 4 ) 3 includes two types of [Z 2 (PO 4 ) 3 ]u nit packaging, which depends on the aggregation of the framework blocks in the three-dimensional structure. The first variant belongs to the Sc 2 (WO 4 ) 3 structural type (SWtype). [11] Here, the crystalline lattice may include only cations with small ionic radii (lithium), for example, a-Li 3 V 2 (PO 4 ) 3 phosphate. [12] The second packaging, associated with the formation
The interaction of TiNw ith Na 2 O-K 2 O-P 2 O 5 melts wasi nvestigated at (Na + K)/P molar ratios of 0.9, 1.0, and 1.2 and at Na/K molar ratios of 1.0 and 2.0. Interactions in the system led to the loss of nitrogen and the partial loss of phosphorus and resulted in the formation of KTiP 2 O 7 and langbeinite-type K 2Àx Na x Ti 2 (PO 4 ) 3 (x = 0.22-0.26) solid solutions over the temperature range of 1173 to 1053 K. The phase compositions of the obtaineds amples were determined by using X-ray diffraction (including Rietveld refinement), scanning electron microscopy (using energy-dispersive X-ray spectroscopy and element mapping), FTIR spectroscopy,a nd thermogravimetric analysis/differential thermal analysis. K [18] Co, or Mn), [19] Rb 2 Yb x Ti 2Àx (PO 4 ) 3 , [20, 21] and Cs 1 + x Ln x Zr 2Àx (PO 4 ) 3 (Ln = Sm-Lu). [22] Due to their high thermal and chemical stability, langbeinitetype phosphates are intensively studied asm atrixes for the storageo fr adioactivew aste from the nucleari ndustry [23] and as basic materials for luminophores. [24] However,i ft he lattice is formed from big alkaline cations (e.g. K, Rb, Cs), effectivei onic conductivity is achieved only at elevated temperatures. Notably,afew Na-containing langbeinite-type complex phosphates have been obtained,a nd the existing examples are limited to Na 2 M III Ti(PO 4 ) 3 (M III = Cr,F e). [25] At present,m uch research effort is being directed to the synthesis of novel battery materials that simultaneously possess the langbeinite-type structure and light cations. [10] These efforts are based on the following twostage approach: 1) to designhoststructures by using as pecific type of cation (e.g. K + ); 2) to extract these specific ions (by ionic substitution or chemical oxidation) to obtain af ramework for reversible de/intercalation of Na + (or Li + ). However,t he application of this approach is not successful for the extraction of K + from langbeinite-type frameworks, as illustratedb ya ttempts with K 2 Fe 2 (SO 4 ) 2 [10] and K 2 TiV(PO 4 ) 3 . [26] Another way to search for novel langbeinite-type phosphates with sufficient ionic conductivity is to obtain compounds containing both big K + cations and small Na + cations. Recently,t he synthesis of al angbeinite-type solid solution with the chemical formula K 0.877 Na 0.48 Ti 2 (PO 4 ) 3 was reported. [27] Reliable information about the structure, stability, and formation principles is crucially important for furthers tudy of such kinds of materials. Motivated by this need, we directed our efforts to the synthesiso fK -Na-containing complex phosphates of the langbeinite type to obtain single crystals for X-ray diffraction analysist oe nable structural analysisa nd furthert heoretical calculation of the electronics tructure and related properties.
For this purpose, the features of the interactions of TiNw ith the Na 2 O-P 2 O 5 and K 2 O-P 2 O 5 melts [15] were analyzed, and the possibility to form K 2Àx Na x Ti 2 (PO 4 ) 3 solid solutionsw as predicted for the case of combined K-Na-containing phosphate melts. This possibility was successfully realized, and the corresponding synthesis procedures are described in the present paper.H ere, in particular, the speciala spects of the interaction of TiNw ith K 2 O-Na 2 showed that the formation of langbeinite-relatedp hosphate took place at molar ratios of (Na + K)/P = 0.9 and Na/K = 1.0. [27] Structure determination of K 0.877 Na 0.48 Ti III 0.357 Ti IV 1.643 (PO 4 ) 3 showed partial substitution of K + by Na + and the formation of vacancies in the crystallographic positions of the alkaline metals. [27] This latter fact significantly complicates estimation of the possibilityt os ubstitute potassium by sodium in the langbeiniterelateds tructure. At the same time, interaction of TiNw ith the M I O 2 -P 2 O 5 melt (M I = alkalinem etal) is ac onvenient way to obtain mixed-valent complex phosphates with aT i III /Ti IV ratio of 1.0. [15] Moreover,t his technique allows the growth of crystals that are sufficiently large for X-ray diffraction studies. For this reason,t his approachw as chosen to obtain crystalso fs olid solutionsofL-KNTP.
On the basis of previousr esults, [15, 27] the interactions of TiN with Na 2 O-K 2 O-P 2 O 5 melts were studied in this work at (Na + K)/P molar ratios ranging from 0.9 to 1.2 to identify ar oute to fabricate L-KNTP solid solutions. To achieve competitive conditions for sodium and potassium in the self-flux, two values of the initial Na/K ratio (1.0 and 2.0) and af ixed value of added TiN( 3.0 wt %) were selected. As shown in Ref. [15] ,s uch a quantity of TiNa llows complexp hosphates to be obtained and prevents significant changes in the phosphorus content in the self-flux.
At Na/K = 2.0, the rate of TiNd issolution in mixed Na-K phosphate fluxes was significantly higher than that in only sodium or potassium phosphate fluxes. Crystallizationo ft he self-flux at Na/K = 2.0 and over the (Na + K)/P = 0.9-1.2 range did not result in the formation of crystals( melt transformed into glass).
The crystalline phases were obtained in all cases with equal contentso fs odium and potassium in the initial melts (Na/K = 1.0). According to the XRD data, in the P 2 O 5 -rich melt [(Na + K)/ P = 0.9] am ixture of KTiP 2 O 7 /TiN in ar atio of approximately 2:1 is obtained ( Figure 1 , curve 1). Optical microscopy analysis of these samples shows that the KTiP 2 O 7 crystalsc ontain dark inclusionso ft itanium nitride. Consequently,p hosphate KTiP 2 O 7 is poorly soluble in such am elt andi ts crystallization occurs on the surface of TiNt hat has not been pre-reacted. This process blocks furtherd issolution of TiNa nd leads to the generation of ad iphase sample. The formationo fK TiP 2 O 7 is also supported by the FTIR spectroscopy results, as shown in Figure 2 Increasing the (Na + K)/P ratio to 1.0 at Na/K = 1.0 in the initial melt led to an increasei ni ts dissolving capability relative to that of TiN. Further cooling to 1053Kresulted in the formation of another type of dark-violet crystals.T he appearance of the langbeinite-related phosphate crystalso ctahedral in form in the self-flux was observed at the first stage of cooling (1173-1123 K), which indicated their low solubility in the melt.
According to Rietveld refinement (Figure3), the obtainedm ultiphase sample contains two types of phosphate crystals, namely,L -KNTP and KTiP 2 O 7 ,i nn early equal proportions,a nd only 8.66(0.28) wt %o fT iN, which did not pre-react. The infrared absorption spectrum of the obtaineds ample ( Figure 2 , curve 2) reveals the presenceo fa bsorption lines typicalf or both diphosphate and orthophosphate groups. This is additional evidencef or the formation of ap hosphate mixture (designation of the observed absorptionb ands for the langbeinitetype phase is presented in Ta ble S1).
The SEM images of the obtained samples revealt he presence of crystals of two different morphologies, and according to primary EDS analysis, as ignificant amount of sodium is found ( Figure 4 ).
For K 2 Ti 2 (PO 4 ) 3 and KTiP 2 O 7 ,t he weight percentages of the elements are close (the difference does not exceed 3wt%). Accordingly, with the aim to determine the degree of substitution of potassium by sodium in the two types of crystalline phases,E DS analysis and mapping of the elements for a number of separate crystals with different morphologies were conducted. An example of such as tudy is illustrated in Figure5. A sarule, langbeinite-type crystals are octahedral faceting.I nt hese crystals, the elements are evenlyd istributed (see Figure 5a) , and the amount of sodium is in the range of 1.15 to 1.37 at %( these valuesw ere obtained by analyzing nine variouss pots of nine crystals of the L-KNTP-type; the spots are depicted by white rectangles in Figure 5 ). The obtained values correspond to compositions of solid solutions of K 2Àx Na x Ti 2 (PO 4 ) 3 with x = 0.22-0.26. This result is in good compliance with the X-ray data of as ingle crystal (see Section 2.3). For this reason, we can accept the K 1.75 Na 0.25 Ti 2 (PO 4 ) 3 (L-KNTP) compound as the langbeinite-type phosphate. Crystallites of KTiP 2 O 7 are formed as at hree-dimensional distorted octahedron and grow preferentially in one direction (Figure 5b ). EDS analysiso ft hese crystals shows that the sodium content does not exceed 0.55 at %. This fact may be associated with the formationo fK 1Àx Na x TiP 2 O 7 (x < 0.06) solid solutions. At the same time, the mapo ft he sodium elements hows weak intensity and poor uniformity relative to the maps of the other elements (Figure 5b ). Therefore, we think that the sodium in the crystals of KTiP 2 O 7 is only ad oping impurity.
An increase in the (Na + K)/P ratio to 1.2 in the initial melt leads to rapid TiNd issolution followed by oxidation of trivalent titanium. Cooling of such as elf-flux causes the growth of only as mall amount of colorlessa nd violet crystals. The FTIR spectra were recorded for two mechanically selected types of the obtained crystals( Figure S1 ). On the basis of the obtained FTIR spectroscopy results, the colorless crystals can be identified as the double phosphate, NaTi 2 (PO 4 ) 3 , [28] whereas violet crystals are langbeinite-relatedp hosphate L-KNTP (micrographs of the samples are showninFigureS2).
Study of Thermal Stability
The thermals tability of the obtained L-KNTP + KTiP 2 O 7 sample was studied by thermogravimetric and differential thermal analysis( Figure S3 ). Three primary intervals can be marked out in the TG curve. The first is due to the loss of adsorbed water ( % 1wt%), which is finished completely beforet he temperature reaches 720 K. The othert wo intervals of 823-1073 and 1297-1410 Kd emonstrate sample weight gains of approximately 1.2 and 0.6 wt %, respectively.T hese processes are attributedt ot he oxidation of trivalent titanium to titanium(IV) by atmospheric oxygen, which should result in degradation of the obtained compounds.A sb otho xidation intervals are rather wide, such processes are not reflected in the DTAc urve. At the same time, the DTAc urve reveals ar elatively wide peak correspondingt oa ne ndo effect with am aximum at 1408 K. This effect is caused by meltingo ft he sample after oxidation of the entire amount of Ti III .T his scheme is supported by the formation of ac olorless solidified meltafter differential thermal analysis( Figure S4 ). Heat treatment of the obtained mixture of phosphates was performedi na ir at 1173 Kf or 1h to identify the sequence of the thermal decomposition processes.T his resulted in only a slight change in the violet shade of the sample. According to XRD, the crystalline phase of L-KNTP is preserved following heat treatment (Figure 1, curve 2 3 is isostructural tot he mineral langbeinite. [13] Selected bond lengthsi nt he coordination polyhedra for this compound are listed in Ta (Table 1 ). The phosphorus atoms are tetrahedrally coordinated with PÀOb ond lengths in the range of 1.518(3) to 1.541(2) ,w hich is normalf or orthophosphate groups (Table 1) .
There are two sites for alkaline metal atoms in the structure of K 1.75 Na 0. 25 The langbeinite-type K 0.877 Na 0.48 Ti 2 (PO 4 ) 3 solids olution was obtained earlier, [27] for which the degree of substitution of potassium by sodium was greater than that in K 1.75 Na 0.25 Ti 2 (PO 4 ) 3 . We compared the results of the structural studies for these two compounds. In both cases, the construction principle of the anionic [Ti 2 (PO 4 3 .T his causes the formation of vacant sites of the alkali metals in the structure. Thus, the crystallographic site of K/Na(1) in K 0.877 Na 0.48 Ti 2 (PO 4 ) 3 is completely filled with equalp ortions of potassium and sodiuma toms (K/Na = 0.52:0.48), and the K2 site is filled by potassium for only about athirdoft he amount (K vac /K = 0.643:0.357). Notably, the formation of vacanciesi no nly one of the alkali metal positions was observed earlier,f or example, in an umber of Cs 1 + x Ln x Zr 2Àx (PO 4 ) 3 (Ln = Sm-Lu) solid solutions. [22] The presence of vacancies significantly affectsthe geometry of the cavi- Ta ble 1) . So, the presence of vacant sites in the structure affects the possible degree of replacement of potassium by sodium.
To check the possible distribution of differente lements over the same crystallographic positionsa nd to compare the stability of obtained K 1.75 Na 0.25 Ti 2 (PO 4 ) 3 relative to that of K 2 Ti 2 (PO 4 ) 3 , the bond-valence sums (BVSs) were calculated by using ab asic equationa nd parameters [Eq. (1)]: [29, 30] S ¼ exp½
in which S is the bond valence, R is the bond length, R 0 is the empirically determined parameter, [29, 30] and B = 0.37. [30] To compare the environments of the alkali metal sites, we modified the equation by the value of R 0av (average) [Eq. (2) This approach was successfully applied for sites concurrently occupied by different elements in langbeinite-type frameworks in previous investigations. [22, 31] 2) Ti IV is located in the Ti1p osition,w hereas Ti III is located in the Ti2position;
3) Ti III and Ti IV are distributed equiprobably over both the Ti1 and Ti2p ositions with respective occupancies of 0.5 and 0.5; in this case, Equation (2) results in Equation (3):
the values of R 0 (K), R 0 (Na) R 0 (Ti III ), and R 0 (Ti IV )w ere taken from Refs. [29, 30] .T he resultso ft he calculations are summarized in Ta ble 2.
The reported values of the BVSs for alkaline metal sites are close to 1. The BVS value of the K1 position withoutt aking into account the presence of Na gives am uch higher value of 1.21, which confirms the correctness of the calculations with Equation (2) and localization of Na in the K1/Na1 position only. The difference in the BVS values of the Ti positions differs significantly for both sites (up to 1f or localization of Ti III in the Ti1p osition). For localization of Ti III in the Ti2p osition (variant 2), the BVS for Ti2i sl ower (down to 4). In this case, taking into account that we operate with Ti III ,t he value of the BVS is very high. So, we cannota ssumet hat Ti III is preferably located in the Ti2p osition. At the same time, for the variant in which Ti III is localized only in the Ti1p osition, the common values of the BVSs for the Ti1a nd Ti2p ositions are also high. Only for equiprobable occupancyo fT i III and Ti IV over the Ti1a nd Ti2po-sitions is the value of the BVS of Ti1s lightly lower than the theoretical value of 3.5, whereas the BVS of Ti2i sm uch higher than 3.5. Ta king into account the calculated values, we can conclude that Ti III is spread over both the Ti1a nd Ti2p ositions with possibly slightly higher occupancy in the Ti1s ite. The BVS of Pi sc lose to 5. As lightly higher value of the total BVS for the formula unit dependso nt he obtained higher values of the BVS of Ti,w hich depends on the crystal structure and was reported in previouswork. [31] Notably,o nly one of the crystallographic potassium sites in the L-KNTP structure is partially substituted by sodium. Preferable occupation of the K(1) position in L-KNTP by Na cations is substantiated by electronic structure calculations [a particular paper on thee lectronic structures of K 2Àx Na x Ti 2 (PO 4 ) 3 phosphates is in preparation]; however,i nt he Supporting Information we present some important results, namely,t he calculated partial densities of states for K 2 Ti 2 (PO 4 ) 3 Table S2 ].T he calculated energies of formation( E f )f or Na K substitution in the K(1) and K(2) positions in K 2 Ti 2 (PO 4 ) 3 are À1.427 and À1.017 eV,r espectively. The 0.41 eV differenced efinitely indicates that occupationo f the K(1) position with Na is more energetically favorable. In general,n egative E f valuesf or both the K(1) and K(2) positions for the Na K defects substantiate thermodynamic stability of the synthesized K 1.75 Na 0.25 Ti 2 (PO 4 ) 3 solid solution.
Conclusions
The features of the interactions of TiNw ith K 2 O-Na 2 O-P 2 O 5 melts were investigated at differentm olar ratios [(Na + K)/P = 0.9, 1.0, and 1.2;N a/K = 1.0 and 2.0].T he obtained phosphates (K-Na-containing langbeinite-type complex phosphates and KTiP 2 O 7 )w ere investigated by using X-ray diffraction,s canning electron microscopy,F TIR spectroscopy,a nd thermogravimetric and differential thermala nalysism ethods. Langbeinite-type O 5 system was investigated at (Na + K)/P molar ratios of 0.9, 1.0, and 1.2 and at Na/K molar ratios of 1.0 and 2.0 over the temperature range of 1173 to 1053 K. The Na 2 O-K 2 O-P 2 O 5 starting systems were prepared by melting ah omogeneous mixture at 1173 K: NaH 2 PO 4 and KH 2 PO 4 {(Na + K)/P = 1.0}; NaH 2 PO 4 , KH 2 PO 4 ,a nd NH 4 H 2 PO 4 {(Na + K)/P = 0.9}; NaH 2 PO 4 ,K H 2 PO 4 ,N a 2 CO 3 , and K 2 CO 3 {(Na + K)/P = 1.2}. Typical experimental procedures are described below.F inely powdered TiN( 3.0 wt %) was added to the phosphate melts at 1173 Kw ith stirring. The melts were exposed to this temperature for 1h and were then cooled down to 1053 K at ar ate of 40 Kh
À1
.A tt his temperature, fluxes containing crystals were poured from the crucible onto ac opper sheet to freeze the crystallization processes. The crystalline phases were washed up from the residual melt with hot deionized water.A ll experiments were performed in air by using porcelain ware.
Characterization
The phase compositions of the obtained crystalline products were determined by powder X-ray diffraction (XRD) by using aShimadzu XRD-6000 diffractometer (CuKa radiation, l = 1.5418 ;c urved graphite monochromator on the counter arm;s tep size 0.028; range 5-808;s canning rate 2sstep
À1
). Data collection for Rietveld refinement was performed in the 5-1008 range (2 q step 0.028)a ta scanning rate of 8sstep
.T he atomic coordinates of K 1.75 Na 0.25 Ti 2 (PO 4 ) 3 (this investigation, CSD-432758) and KTiP 2 O 7 [32] were selected as starting models for Rietveld refinement. The observed, calculated, and difference X-ray patterns are shown in Figure 1 .
The microstructure, morphology,c hemical composition, and element mapping of the samples were analyzed by scanning electron microscopy (SEM, Magellan 400). EDS analysis (including element mapping) was performed for single crystals with different morphologies. Fourier-transform infrared spectroscopy (FTIR) was performed by using aP erkinElmer Spectrum BX spectrometer (in the 400-4000 cm À1 range;s amples were pressed into discs with KBr). The weight loss and thermal behavior of the samples were investigated by using aS himadzu DTG-60H simultaneous TG/DTAa nalyzer (heated in ap latinum crucible under an air atmosphere at a rate of 10 Kmin À1 from room temperature to 1473 K; a-Al 2 O 3 was used as astandard sample).
X-ray Experiments
X-ray experiments were performed with an Xcalibur Gemini diffractometer with aR uby CCD detector (monochromated MoKa radiation, l = 0.71073 )a t2 93 K. Crystal data and experimental conditions for intensity measurements and refinements are shown in Ta ble 3. The structure was refined by using reference structure coordinates for an isotypic compound [K 2 Ti 2 (PO 4 ) 3 ,C SD-408970].I nitial atomic positions, isotropic displacement, and anisotropic displacement parameters were refined stepwise in order of decreasing X-ray scattering factors. Finally,s odium atoms were introduced to the model by populating the K(1) and K(2) positions equally and were refined by constraining the sum of the occupations. The positional disorder of Na(1)/K(1) % 1/3 only survived during refinements, in contrast to unphysical occupancies at the K(2) site. Final atomic coordinates and site occupancies can be found in Ta ble 4 . Further details of the crystal structure investigation can be obtained from FIZ Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: 
Calculation Method
The electronic structure calculations presented in this paper were aimed to determine the most energetically favorable positions for Na K substitutional defects in the K 2 Ti 2 (PO 4 ) 3 host. This task was solved by comparing the defect formation energies calculated for different cases of Na occupation. According to the structural data, ar egular unit cell of K 2 Ti 2 (PO 4 ) 3 contains two inequivalent sites for Na K substitution, K(1) and K(2). [15] The formation energy (E f )o ft he Na K defect in the K 2 Ti 2 (PO 4 ) 3 host was evaluated by using agenerally accepted equation [Eq. (4) in which the first two terms are the total energies of defective and perfect K 2 Ti 2 (PO 4 ) 3 crystals and E total (Na) and E total (K) the are total energies of sodium and potassium metal calculated per atom. An egative value of E f indicates thermodynamic stability of the target compound.
The unit cell of the K 2 Ti 2 (PO 4 ) 3 crystal (cubic system lattice with the P2 1 3s ymmetry group #198) contains four formula units of K 2 Ti 2 (PO 4 ) 3 and correspondingly eight Ka toms. To model the Nadoped crystal, the unit-cell symmetry of K 2 Ti 2 (PO 4 ) 3 was set to the trivial group P1, thus providing eight inequivalent Ka toms, four of which were on K(1) and the remaining four of which were on the K(2) positions. Then, one Katom [either in the K(1) or K(2) position] was replaced by Na to provide the K 1.75 Na 0.25 Ti 2 (PO 4 ) 3 chemical formula of the Na-containing crystal. The total energy of ap erfect K 2 Ti 2 (PO 4 ) 3 crystal was also calculated by setting the unit-cell symmetry as P1.
The electronic structure calculations were performed in spin-polarized mode by using the DFT-based plane-wave pseudopotential method implemented in the CASTEP package [33] distributed inside ac omputational commercial pack. [34] The ion-electron interactions were modeled by Vanderbilt-type nonlocal ultrasoft pseudopotentials. [35] The 2 .P erdew-Burke-Ernzerhof (PBE) was used to calculate the exchange-correlation effects in the generalized gradient approximation (GGA). [36] The energy cutoff of plane-wave basis set was 340.0 eV with Monkhorst-Pack k-point mesh with as eparation of 0.07 À1 in the Brillouin Zone. No initial spin states of atoms were assigned. Additional convergence tests showed that the choice of above computational parameters was sufficiently accurate in this study.
Geometry optimizations were performed only for atomic positions in the P1-symmetry unit cells of K 1.75 Na 0.25 Ti 2 (PO 4 ) 3 and K 2 Ti 2 (PO 4 ) 3 crystals with constrained unit-cell parameters. The unit-cell parameters and initial atomic coordinates were taken from the literature (CSD-408970). [15] The optimization was performed by the BroydenFletcher-Goldfarb-Shanno (BFGS) minimization technique [37] by using the following convergence criteria:e nergy tolerance of 10 À5 eVatom À1 ,m aximum Hellman-Feynman forces 0.03 eV
À1
, and maximum stress and maximum displacement 0.05 GPa and 10 À3 ,r espectively.
The E total (Na) and E total (K) energies of sodium and potassium metal were calculated by using the same parameters and approximations as for the phosphate crystals (sodium and potassium metal possess body-centered cubic lattice with symmetry group #229 and lattice constants a = 4.2906 and 5.3280 ,r espectively).
